One-sentence summary: The RNA polymerase II transcript elongation complex is an interaction site for transcript elongation factors, facilitating chromatin transcription and its coordination with mRNA processing.
INTRODUCTION

1
In eukaryotes, functional mRNA levels in the cell are precisely controlled in a spatially and 2 temporally defined manner. To achieve this goal, transcript synthesis by RNA polymerase II 3 (RNAPII), as well as mRNA processing, are regulated at several stages. Traditionally, the 4 initiation of transcription is considered the crucial step controlling transcript synthesis. In 5 recent years, it has become apparent that the elongation phase of RNAPII transcription is also 6 dynamic and highly regulated. The differential phosphorylation of heptapeptide repeats within 7 the RNAPII carboxy-terminal domain (RNAPII-CTD) characterize subsequent steps of the 8 elongation phase (Buratowski, 2009; Hajheidari et al., 2013) . In addition, a variety of so- context, and accordingly they act as histone chaperones, modify histones within transcribed 12 regions, or modulate the catalytic properties of RNAPII (Jonkers and Lis, 2015; Selth et al., 13 2010; Sims et al., 2004) . Importantly, transcript elongation is also essential for coordinating 14 transcript synthesis and co-transcriptional pre-mRNA processing (Perales and Bentley, 2009 ).
15
Genetic and biochemical studies have revealed that various TEFs regulate plant 16 growth and development (Van Lijsebettens and Grasser, 2014) . In Arabidopsis thaliana, the (Lolas et al., 2010) . Likewise, the PAF1 (RNAPII-associated factor 1) 21 complex (PAF1-C), which promotes transcription-coupled histone modifications (i.e.,
22
H3K4me, H3K36me, H2Bubi) (Tomson and Arndt, 2013) , was found to regulate flowering 23 by altering the expression of FLC and related MADS box factors (He et al., 2004; Oh et al., 24 2004). Another TEF that regulates FLC expression is P-TEFb (positive transcript elongation 25 factor b, consisting of CDKC;2 and CYCT1), which mediates the phosphorylation of Ser2 26 residues within RNAPII-CTD repeats (Wang et al., 2014) . The Elongator complex has histone 27 acetyl-transferase activity and modulates developmental and immune response pathways 28 (Woloszynska et al., 2016) . TFIIS assists RNAPII progression of transcription through 29 various obstacles and is involved in the expression of DOG1, a key regulator of Arabidopsis 30 seed dormancy (Grasser et al., 2009; Mortensen and Grasser, 2014) . Another factor altering 31 6), which is consistent with recent results (Wang et al., 2014) . Surprisingly, apart from 134 SPT16, no other TEFs and no RNAPII subunits were found to co-purify with CDKC;2-GS.
135
However, various subunits of the NuA4/SWR1 chromatin remodelling complex, with 136 combined histone acetyl-transferase and chromatin remodelling activity (Bieluszewski et al., 137 2015) (Table 1) , as well as several BRD4 (bromodomain-containing protein4)-like proteins
138
(Supplemental Data Set 6) were detected in the CDKC;2-GS eluates. Since BRD4 proteins are 139 involved in recruiting P-TEFb to chromatin containing acetylated histones at target genes in 140 mammalian cells (Bisgrove et al., 2007; Jang et al., 2005) , this mechanism may be conserved 141 in plants. In conclusion, our proteomics analyses demonstrate that there is a considerable 142 overlap in the interactions seen with FACT, PAF1-C, TFIIS and SPT4/SPT5, but the protein 143 interactions of P-TEFb differ markedly from those seen with the other tested TEFs (Figure 2 ).
144
Additional factors (e.g. NAP1, CRCs, Elongator) repeatedly co-purified with the TEC and 145 may contribute to efficient transcript elongation in Arabidopsis. To examine which form(s) of 146 RNAPII co-purified with the TEFs, we analysed affinity-purifications of GS-TFIIS and 147 ELF7-GS by immunoblotting using antibodies directed against the non-phosphorylated 148 RNAPII-CTD and against Ser2-phosphorylated CTD-repeats. Relative to the input samples in 149 the affinity-purifications, the Ser2-phosphorylated form of RNAPII was enriched compared 150 with the hypophosphorylated RNAPII (supplemental Figure 2A) . Therefore, the elongating,
151
Ser2-phosphorylated form of RNAPII predominantly co-purified with the TEFs. (Duroux et al., 2004; Dürr et al., 2014; Lolas et al., 2010) .
157
In view of the mutual association of FACT and SPT4/SPT5 with PAF1-C, TFIIS and SPT6L, 158 we raised antibodies against recombinant ELF7, TFIIS and SPT6L. While the TFIIS 159 antibodies proved not to be useful, the ELF7 and SPT6L antibodies yielded specific staining 160 patterns in pilot experiments and were used for super-resolution structured illumination 161 microscopy (SIM). ELF7 and SPT6L fluorescent signals were analysed in flow-sorted 8C antibodies and counterstained with DAPI. We used antibodies specific for the elongating form 165 (phosphorylated at Ser2 of the CTD repeats) and specific for the non-phosphorylated form of 166 RNAPII. In Arabidopsis interphase nuclei, the majority of RNAPII is globally dispersed in 167 the euchromatic part of the nucleoplasm (Schubert and Weisshart, 2015) . Consistently, our 168 SIM analyses revealed that ELF7/SPT6L and both forms of RNAPII comprised separate, 169 dispersed, reticulate structures within the euchromatin, but they were absent from the Table 1 ). SPT6 from 176 human and the fungus Candida glabrata binds preferentially to Ser2-phosphorylated 177 RNAPII-CTD repeats (Sun et al., 2010; Yoh et al., 2007) , and because of the co-localisation 178 of Arabidopsis SPT6L with the elongating RNAPII, we examined its interaction with the 179 RNAPII-CTD. The interaction of the putative CTD-interaction domain SPT6L(Phe1218-
180
Asp1412) with RNAPII-CTD peptides was examined by microscale thermophoresis (MST).
181
The fluorescently labelled peptides were phosphorylated at Ser2 or Ser5 or were unmodified.
182
The MST measurements revealed a clear concentration-dependent interaction with the Ser2-183 phosphorylated peptides with a K D of 135 (±26.6) μM, whereas the affinity for the Ser5-184 phosphorylated and non-phosphorylated peptides was at least 10-fold lower (supplemental 185 Figure 2B ).
187
Genetic interactions between genes encoding different TEFs
188
Since several TEFs were found to co-purify efficiently and to co-localise with elongating 189 RNAPII, we generated and analysed various double-mutants deficient in different showed reduced leaf venation, lacking most of the tertiary and higher-order veins. In the tfIIs 214 elf7 plants, the defects in vein patterning were severely enhanced (supplemental Figure 5 ).
215
Similarly, elf7 plants have a reduced seed set and seed production in tfIIs is comparable to that 216 of Col-0, but the double mutant is sterile. Regarding bolting time, tfIIs elf7 is comparable to 217 elf7, but the number of leaves at bolting is reduced relative to elf7 (supplemental Figure   218 6B,C). The analysis of double-mutants defective in ELF7 and FACT subunits revealed that 219 the elf7 ssrp1 combination is lethal, while elf7 spt16 plants are viable, but their growth is 220 strongly reduced (supplemental Figure 7) . The examination of double-mutants defective in processing factors were observed in the data obtained with P-TEFb, we did not include these 232 in our analysis (Table 2) . However, we performed additional affinity-purifications with the 233 polyadenylation factors CstF64-GS and CstF77-GS (supplemental Figure 8) in metazoa rather than in yeast (Yang and Doublié, 2011) . In mammals, CstF is a trimeric 243 complex consisting of CstF50, CstF64 and CstF77 and it is believed to dimerise, forming a 244 functional hexameric complex that is critically involved in pre-mRNA 3´end processing (Shi 245 and Manley, 2015). Other polyadenylation factors were also identified in the CstF77-GS 246 eluates. In addition, multiple splicing factors (e.g. Sm, NTC) co-purified with CstF77-GS 247 (Table 2) , which is in agreement with recent studies reporting a close cooperation between 248 mRNA splicing and polyadenylation (Kaida, 2016; Misra and Green, 2016) .
250
Interplay between PAF1-C and CstF
251
In yeast and metazoa, PAF1-C has various functions related to transcription and mRNA 252 processing, including interactions with the polyadenylation machinery (Jaehning, 2010; 253 Tomson and Arndt, 2013). Thus, PAF1-C is involved in recruiting certain polyadenylation 254 factors to transcribed regions and can modulate the 3´end processing of mRNAs (Nagaike et 255 al., 2011; Nordick et al., 2008) . Interestingly, several subunits of PAF1-C including CDC73
256
were identified in the CstF77-GS and CstF64-GS eluates ( Figure 5A , Supplemental Data Set which is ultimately mediated by altered transcript levels of the floral repressor FLC (Liu et al., 262 2010; Park et al., 2010; Yu and Michaels, 2010) . We generated double-mutants deficient in 263 CDC73 and CstF64 to examine the induction of flowering in the cdc73 cstf64 combination.
264
The cdc73 cstf64 plants bolted earlier than Col-0, but not as early as the cdc73 single-mutant qRT-PCR in the double-mutant, but the amount was slightly higher than in cdc73 ( Figure 5D ; 268 supplemental Figure 9B ), indicating that in the double-mutant, the influence of cdc73 on 269 flowering and FLC expression is more pronounced than that of cstf64. (Krogan et al., 2002; Lindstrom et al., 2003; 302 Squazzo et al., 2002) , and various TEFs were found to associate with the transcribed regions 303 of all genes in the yeast genome that are actively transcribed by RNAPII . repeats. Therefore, it is likely that SPT6L and SPT6 also act as TEFs in plants. In contrast, the 314 elongation factor P-TEFb (Quaresma et al., 2016) was not enriched in the affinity-315 purifications of the other TEFs and may interact with the TEC more dynamically, or its 316 association with the complex may not be stable under our purification conditions. Other 317 proteins that repeatedly co-eluted with TEFs include variants of the histone chaperone NAP1,
318
suggesting that NAP1 may collaborate with other histone chaperones such as FACT and SPT6 319 to facilitate transcript elongation (Zhou et al., 2015) . Interestingly, a variety of proteins 320 involved in ATP-dependent chromatin remodelling (Gentry and Henning, 2014) were isolated 321 along with ELF7 and SPT4. So far there is no evidence from plants, but in other organisms,
322
CRCs are associated with the modulation of transcript elongation, probably by altering the 323 structure of nucleosomes in transcribed regions (Murawska and Brehm, 2011; Subtil-324 Rodríguez and Reyes, 2011). Regarding histone modifying enzymes, only a few proteins were 325 co-isolated with the TEFs. These include the histone methyltransferases SDG4 and WDR5A, 326 which co-purified with CDKC;2 and FACT, respectively, as well as the histone ubiquitinase 327 HUB1, which co-purified with CDC73 (Table 1) histone acetylation is required for efficient elongation (Selth et al., 2010) . The integration of 333 our proteomics analyses shows that similar to yeast (Krogan et al., 2002) , in Arabidopsis, 334 TFIIS, SPT4/SPT5, SPT6, PAF1-C and FACT associate with elongating RNAPII (Figure 2 ). FACT subunits SSRP1 and SPT16 are phenotypically similar (Lolas et al., 2010) , but when 346 these mutations are combined with tfIIs or elf7, regarding most phenotypes, the ssrp1 version 347 of the double-mutant is clearly more severely affected than the spt16 version, suggesting that 348 under these conditions, the SSRP1 subunit is more critical for plant growth and development.
349
Consistently, in mammals, SSRP1 has additional, SPT16-independent roles in RNAPII 350 transcription (Antosch et al., 2012) . Thus, SSRP1 can act as a co-activator of sequence-351 specific transcription factors (Spencer et al., 1999; Zeng et al., 2002) , and transcript profiling 352 revealed SSRP1-specific targets (Li et al., 2007) . Moreover, Arabidopsis SSRP1, but not (Squazzo et al., 2002) . In a highly reconstituted mammalian chromatin transcription 361 system, the establishment of H2B mono-ubiquitination, which is associated with 362 transcriptional activity, is dependent on FACT and PAF1-C (Pavri et al., 2006) . Genetic 363 interactions were observed between Arabidopsis SSRP1/SPT16 and the HUB1 gene (encoding 364 an H2B mono-ubiquitinase) (Lolas et al., 2010) . In view of these findings, the severe growth 365 defect of the elf7 spt16 plants and the lethality of elf7 ssrp1 suggest that there is also a close 366 cooperation of FACT and PAF1-C in plants, possibly involving transcription-related histone 367 ubiquitination. Human PAF1-C and TFIIS physically interact and cooperatively bind to 368 RNAPII, promoting activated chromatin transcription (Kim et al., 2010) , and yeast cells 369 lacking PAF1 and TFIIS exhibit severe synthetic growth defects (Squazzo et al., 2002) . tfIIs 370 elf7 double-mutant plants show strong synergistic defects in growth and development (e.g. Originally, TEFs were identified as factors modulating transcript elongation by 390 RNAPII (Jonkers and Lis, 2015; Selth et al., 2010; Sims et al., 2004 H3K27me3) (Park et al., 2010; Yu and Michaels, 2010) , while CstF64 is required for 423 3´processing of FLC antisense transcripts, which influences the level of the FLC sense 424 transcript (Liu et al., 2010) . In the cdc73 cstf64 double-mutant, both effects are potentially (Kaida, 2016; Misra and Green, 2016) . In conclusion, our proteomic and 
METHODS
442
Plasmid construction
443
The required gene or cDNA sequences were amplified by PCR with KAPA DNA polymerase 444 (PeqLab) using Arabidopsis thaliana genomic DNA or cDNA as template and the primers 445 (also providing the required restriction enzyme cleavage sites) listed in supplemental Table 3 .
446
The PCR fragments were inserted into suitable plasmids using standard methods. For affinity-447 purification, the coding sequences were fused to a C-terminal GS-tag under the control of the 448 35S promoter (except for TFIIS, where for steric reasons an N-terminal fusion was generated 449 and for technical reasons it was expressed under the control of its native promoter). All 450 plasmid constructions were checked by DNA sequencing. Details about the plasmids 451 generated in this work are summarised in supplemental and purified by glutathione-sepharose affinity chromatography as previously described 473 (Kammel et al., 2013; Krohn et al., 2002) . Using the pQE-plasmids described in supplemental 474 Table 3 , full-length TFIIS, ELF7(D401-E589), SPT6L(V1121-M1430) and NRPB1(L1746-475 P1839) were expressed as 6xHis-tagged proteins in E. coli and purified by metal-chelate 476 chromatography as previously described (Kammel et al., 2013) . Purified recombinant 477 proteins were analysed by SDS-PAGE and mass spectrometry and used for commercial 478 immunisation (Eurogentec), and the obtained antisera were tested as previously described 479 (Kammel et al., 2013; Launholt et al., 2006) . Antibodies against SPT5, SPT16 and SSRP1 analyses were essentially performed as previously described (Dürr et al., 2014 experimental background of contaminating proteins that were isolated with the unfused GS-520 tag or that co-purify non-specifically independent of the used bait protein was subtracted. The 
Immunostaining and super-resolution microscopy
524
Nuclei of differentiated rosette leaves were fixed in 4% paraformaldehyde in Tris buffer and 525 flow sorted as described (Weisshart et al., 2016) . Immunostaining with different antibodies 526 was performed as previously described (Weisshart et al., 2016 
PCR-based genotyping and quantitative RT-PCR (qRT-PCR)
543
To distinguish between plants that were wild type, heterozygous, or homozygous for the T-
544
DNA insertions, genomic DNA was isolated from leaves. The genomic DNA was used for 545 PCR analysis with Taq DNA polymerase (PeqLab) and primers specific for DNA insertions 546 and the target genes (supplemental Table 3 ). For RT-PCR, total RNA was extracted from 547 ~100 mg of frozen plant tissue using the TRIzol method (Invitrogen) before the RNA samples 548 were treated with DNase. Reverse transcription was performed using 2 μg of RNA and Revert 2009). Hybridisation probes were generated by PCR (supplemental Table 3 ) and 32 P-labelled,
558
including the antisense-probe that was used to detect the FLC sense transcript. KaleidaGraph 4.5, and fitted using the Kd fit formula derived from the law of mass action.
568
Technical duplicates were performed for each experimental setup. Table 3 It is indicated to which protein complex or to which protein family the interactors belong.
869 Table 2 . mRNA processing factors co-purifying with TEFs and CstF.
1
The numbers indicate in which affinity purifications the interactors were identified and the respective average Mascot scores are given as well the number of times the interactor was detected in three independent affinity purifications -only proteins are listed that were detected at least twice in three experiments.
2
It is indicated to which protein complex or to which protein family the interactors belong.
3
It is listed in which process, splicing or polyadenylation (PA), the interactors are primarily involved according to literature. (orange) also repeatedly co-purified with the TEFs, except for SWR1/NuA4 (yellow), which 897 was primarily isolated along with P-TEFb. Magenta characters of the oval symbols indicate 898 the proteins that were affinity-purified as GS-tagged fusion proteins (for details, see Table 1 ). For the ChIP experiments, percentage input was determined by qPCR, and P-values for all qPCR data 937 were calculated using two-sample t-tests (unpaired and two-tailed). Error bars indicate standard 938 deviation of at least three biological (independently pooled collections of tissue) and three 939 technical replicates (independent qPCR measurements each). Data sets marked with asterisks 940 are significantly different from TA3 (grey): * P < 0.05, ** P < 0.01 and *** P < 0.001. Detection of NRPB1 in the NRPB1-GS sample, but not in the GS control, by immunoblotting using an NRPB1 antibody. (C-E) Analysis of the FACT subunits SSRP1-GS and SPT16-GS. Arrowheads indicate the efficient co-purification of SPT16 with SSRP1-GS (in D) and of SSRP1 with SPT16-GS (in E). In addition to the specific bands that react with the respective primary antibodies, the bands of the GS-fusion proteins are detected due to the affinity of the antibodies towards the protein G moiety of the tag. The bands are also detected in the input samples (in), but not in the GS control affinity-purifications (AP). (F-I) Analysis of PAF1-C (CDC73-GS, ELF7-GS), GS-TFIIS, SPT4-GS and CDKC;2-GS. Asterisks indicate the different GSfusion proteins (that migrate in the gels according to their expected masses) and the unfused GS. robustly co-purified with each other and with RNAPII (magenta), while P-TEFb (light blue) was not enriched in these experiments. However, additional chromatin factors (orange) also repeatedly copurified with the TEFs, except for SWR1/NuA4 (yellow), which was primarily isolated along with PTEFb. Magenta characters of the oval symbols indicate the proteins that were affinity-purified as GS-tagged fusion proteins (for details, see Table 1 ). For the ChIP experiments, percentage input was determined by qPCR and P-values for all qPCR data were calculated using two-sample t-tests (unpaired and two-tailed). Error bars indicate standard deviation of at least three biological (independently pooled collections of tissue) and three technical replicates (independent qPCR measurements each). Data sets marked with asterisks are significantly different from TA3 (grey): * P < 0.05, ** P < 0.01 and *** P < 0.001. 
